Introduction {#Sec1}
============

Bloodstream infections are associated with substantial morbidity and mortality worldwide \[[@CR1], [@CR2]\]. It is estimated that approximately 2 million episodes and 250,000 deaths from bloodstream infections occur annually in Europe and North America combined \[[@CR2]\]. A consistent predictor of mortality for patients with *S. aureus* bacteremia (SAB) \[[@CR3], [@CR4]\] and Gram-negative bacteremia (GNB) is the presence of septic shock \[[@CR5]\]. Septic shock is thought to involve a dysregulated immune response to infection, the mechanisms of which are incompletely understood. The complement system is a critical component of innate immunity and has been implicated as a significant player in the pathogenesis of sepsis and septic shock \[[@CR6]--[@CR8]\]. Acute phase cytokine expression has also been explored in sepsis in hopes of understanding the immune dysregulation during infection \[[@CR9]\]. Despite these studies, significant gaps remain in understanding the immune dysregulation that occurs during bacteremia and septic shock. The prognostic implications of acute phase inflammatory markers in patients with bacteremia are also poorly understood.

In the current report, we undertook an exploratory study to address these unknowns. We evaluated complement and cytokine levels in patients with *Staphylococcus aureus* and Gram-negative bacteremia as compared to non-bacteremic hospitalized patients and community controls and explored potential associations between levels of these immune components and clinical outcome of the source patients.

Methods {#Sec2}
=======

Study population {#Sec3}
----------------

This prospective cohort study was conducted at two medical centers in North Carolina: Duke University Hospital (a tertiary referral center with 957 beds) and Duke Regional Hospital (a community hospital with 369 beds). The patient sample was identified using an existing protocol active at both sites known as the Bloodstream Infections Registry (BSIR). The BSIR collects and stores both clinical data and biological specimens from non-neutropenic hospitalized patients aged 18 years or older who have culture-confirmed monomicrobial bloodstream infections caused by either *Staphylococcus aureus* or Gram-negative bacteria.

All patients with either monomicrobial *S. aureus* bacteremia (SAB) or Gram-negative bacteremia (GNB) enrolled in the BSIR during a 10-month period between August 2014 and May 2018 were eligible for inclusion in the current study. The study was approved by the Duke Institutional Review Board, and written informed consent was obtained from all participants or their legally authorized representatives prior to their enrollment in this study. Patients were classified as SAB or GNB based on the results of their index microbiological cultures. Participants from each of these two groups were then randomly selected to form the final study sample. A third group of hospitalized patients was comprised of patients who did not have a bloodstream infection but met all other BSIR inclusion criteria from April 2018 to May 2018. These controls were approached and enrolled sequentially until a target of 10 patients, 5 from critical care units and 5 from non-critical care units, was met. An additional 10 samples from non-infected, non-hospitalized adult community controls were added by the sponsor as a quality control measure.

Clinical data abstraction {#Sec4}
-------------------------

Clinical data were collected from the electronic medical record of each participant using a standardized case report form (CRF). Information including demographics, comorbidities, hospitalization, and clinical outcomes was obtained for all in-patient participants. Sepsis was defined as having a positive blood culture and having met at least two of the SIRS criteria: \[[@CR1]\] temperature \> 38 °C or \< 36 °C, \[[@CR2]\] heart rate \> 90 beats per minute, \[[@CR3]\] respiratory rate \> 20 or partial pressure of carbon dioxide \< 32, \[[@CR4]\] white blood cell count \> 12,000 cells/mm^3^ or \< 4000 cells/mm^3^ or having \> 10% immature (neutrophil bands) forms \[[@CR10]\]. Septic shock was defined as sepsis with hypotension (systolic blood pressure ≤ 90 mmHg) and perfusion abnormalities as previously described \[[@CR10]\]. Acute renal failure was defined as serum creatinine [\>]{.ul} 1.5 higher than baseline or increasing by [\>]{.ul} 0.3 mg/dL within 48 hours \[[@CR11]\]. Persistent bacteremia was defined as the presence of repeat positive blood cultures following appropriate antimicrobial therapy after ≥ 5 days for SAB patients \[[@CR12]\] and ≥ 3 days for patients with GNB \[[@CR13]\]. A patient was classified as taking an immunosuppressive agent if taking a medication from any one or more of the following pharmacologic classes: calcineurin inhibitors, mTOR inhibitors, anti-proliferative agents, monoclonal antibodies, or corticosteroids. A desirable outcome was achieved if a patient did not experience septic shock or acute renal failure and was alive at 30 days after bloodstream infection.

Biological specimen {#Sec5}
-------------------

Blood samples from were collected for all participants at a single time point, within 3 days following the index culture. Cell-free plasma and serum from each sample, including controls, were obtained and stored at − 80 °C. Complement and cytokine levels were then measured as outlined below.

Complement level measurement {#Sec6}
----------------------------

C1q, C2, C5, and C9 concentrations were measured by radial immunodiffusion with their respective polyclonal anti-complement molecules (Complement Laboratory, National Jewish Hospital). Plasma specimens were aliquoted into duplicate wells in agarose and allowed to diffuse into the gel to form immunoprecipitation rings around the application well. The gels were washed to remove unprecipitated proteins, dried and stained. The outside diameter of the ring precipitated antigen was measured and used to calculate the area of the outer ring. Then the diameter of the inner ring was measured and used to calculate the area of the inner ring. The total area of the precipitation was determined by subtracting the area of the inner ring from the area of the outer ring: (*A*~precipitation~) = (*A*~outer\ ring~) − (*A*~inner\ ring~).

C5a concentrations were determined using the C5a MicroVue ELISA Assay (C5a Quidel ELISA, San Diego). Methods were carried out according to manufacturer's instructions. Briefly, plasma specimens were added to a 96-well plate and coated with a murine monoclonal antibody to C5a, incubated, and then washed. Horseradish peroxidase conjugated anti-C5a was added to each well to bind immobilized C5a captured in the first step, incubated, and then washed. Last, the chromogenic substance 3,3′,5,5′ tetramethylbenzidine (TMB) was added to the wells and incubated. Spectrophotometry at *A*~450~ was used to determine the color intensity, which was proportional to the concentration of C5a present in the specimens.

C4 and C3 concentrations were determined by using the Human C4 Kit and C3 kit, respectively, for use on the Binding Site SPA~PLUS~ analyzer (Binding Site, San Diego), a turbidity analysis, according to the manufacturer's instructions. Briefly, human C4 antiserum or C3 antiserum was added to the serum samples to form insoluble complexes. The turbidity of the specimens was measured using the SPA~PLUS~ analyzer. Concentrations were calculated automatically by reference to a calibration curve stored within the instrument.

To determine the normal range of complement levels, EDTA plasma samples from self-reported healthy individuals were collected and measured in accordance with the laboratory standard operating procedures and National Jewish Health IRB policies. The measurements were made on seven different assays by two different technologists. The normal range was defined as the mean for the normal distribution of the donor samples plus or minus two standard deviations. The normal ranges were determined as follows; C1q (83--125 μg/mL), C2 (22.2--39.8 μg/mL), C4 (0.170--0.415 mg/mL), C3 (0.938--1.661 mg/mL), C5 (55--113 μg/mL), C5a (0.2--12.6 ng/mL), and C9 (33--95 μg/mL).

Cytokine measurement {#Sec7}
--------------------

Cytokines including IL-2, IL-4, IL-5, IL-6, IL-10, IL-12p70, IFNγ, and TNFα were determined using MILLIPLEX® MAP based on the Luminex® xMAP® technology according to the manufacturer's instructions. Briefly, cytokine levels were determined using immunoassays on the surface of MagPlex® -C microspheres, fluorescent-coded magnetic beads, which were coated with specific capture antibodies. After analyte from each test sample was captured by the bead, the mixture was incubated with the reporter molecule Streptavidin-PE conjugate, and the fluorescent reporter signals were analyzed on the Luminex® analyzer (MAGPIX®) to determine the concentration of cytokine present in each sample. The normal ranges for cytokines were validated per the Clinical Laboratory Standards Institute (CLSI) guidelines \[[@CR14]\] and were determined as follows: IL-2 (3.2--60.6 pg/mL), IL-4 (3.2--4.1 pg/mL), IL-5 (3.2--4.1 pg/mL), IL-6 (3.2--11.9 pg/mL), IL-10 (3.2--19.0 pg/mL), IL-12p70 (3.2--8.4 pg/mL), IFNγ (3.2--24.1 pg/mL), and TNFα (3.2--22.3 pg/mL). The lower limit of quantification (LLOQ) for all above cytokines was 3.2 pg/mL. Values below the LLOQ were reported as \< 3.2 pg/mL.

Statistical analysis {#Sec8}
--------------------

The distributions of continuous measures are presented as medians and quartiles and categorical variables are evaluated using counts and percentages. Statistical comparisons between groups were made with the Kruskal--Wallis test for continuous variables and Fisher's exact test for categorical variables. Statistical significance was set at *p* \< 0.05.

Results {#Sec9}
=======

Study population {#Sec10}
----------------

A total of 60 patients were included in the study: 20 hospitalized patients with SAB, 20 hospitalized patients with GNB, 10 hospitalized non-infected patients, and 10 non-infected, non-hospitalized community controls. Of the patients with SAB, 5 (25%) were due to methicillin resistant *S. aureus* (MRSA). Of the patients with GNB, 6 (30%) had *Escherichia coli,* 6 (30%) had *Klebsiella pneumoniae,* 4 (20%) had *Serratia marcescens,* 2 (10%) had *Pseudomonas aeruginosa,* 1 (5%) had *Morganella morganii,* and 1 (5%) had *Enterobacter cloacae.*

Patient demographics are reported in Table [1](#Tab1){ref-type="table"}. For the 10 non-infected, non-hospitalized community controls, only demographic data were available. Median age of patients did not differ significantly between any of the four study groups (median age \[IQR\]: GNB 64.5 years \[48--74.5\], SAB 62 years, \[57.5--73\], hospitalized controls 56 years \[48--64\], and community controls 52 years \[30--59\]; *p* = 0.1272). Sex and race differed significantly between the four groups (*p* = 0.02866 and *p* \< 0.001, respectively).Table 1Demographics and clinical dataBacteremic populationControl populationNo. (%) of patientsGNB (*n* = 20)SAB (*n* = 20)Hospitalized noninfected controls (*n* = 10)Community controls (*n* = 10)*P* valueAge, median (IQR)64.5 (48--74.5)62 (57.5--73)56 (48--64)52 (30--59)0.1272Sex  Female11 (55)3 (15)2 (20)2 (20)0.02866Race\< 0.001  Black7 (35)4(20)4 (40)3 (30)  White13 (65)15 (75)6 (60)0 (0)  Other0 (0)1 (5)0 (0)7 (70)*GNB* Gram-negative bacteremia, *SAB S. aureus* bacteremia, *IQR* interquartile range

Clinical characteristics of the bacteremic patients and hospitalized controls are reported in Table [2](#Tab2){ref-type="table"}. There was a greater incidence of neoplasm in the GNB group than the SAB group and hospitalized, noninfected control group (55% vs 15% vs 10%, *p* = 0.00791). Median creatinine was higher in the SAB group than the GNB group (median \[IQR\]: GNB 1.05 \[0.8--2.0\] vs SAB 2.2 \[1.4--3.5\], *p* = 0.010); however, incidence of acute renal failure was not significantly different (GNB 35% vs SAB 20%, *p* = 0.480). Nine (45%) of the patients with SAB and 1 (5%) patient with GNB had persistent bacteremia (*p* = 0.008). Thirty-day all-cause mortality, septic shock, and acute respiratory distress syndrome were not significantly different between patients with GNB vs SAB (*p* = 0.661, *p* = 1.000, and p = 1.000, respectively).Table 2Clinical characteristics of the bacteremic patients and hospitalized controlsBacteremic populationControl populationNo. (%) of patientsGNB (*n* = 20)SAB (*n* = 20)*P* value (GNB, SAB)Hospitalized, noninfected controls (*n* = 10)*P* value (GNB, SAB, controls)Comorbidity  BMI, median (IQR)28.3 (24.9--34.0)30.1 (24.4--35.3)0.626336.1 (24.1--37.7)0.6256  Diabetes2 (10)7 (35)0.1275 (50)0.04333  Hemodialysis-dependent prior to Infection0 (0)3 (15)0.2310 (0)0.21429  Neoplasm11 (55)3 (15)0.0191 (10)0.00791  Rheumatoid arthritis0 (0)1 (5)1.0001 (10)0.67347  Immunosuppressive therapy8 (40)8 (40)1.0002 (20)0.865  Transplant recipient2 (10)2 (10)1.0000 (0)0.67000  HIV+1 (5)1 (5)1.0000 (0)1.00000 Median APACHE II Score (IQR)15.0 (11.5--17.0)15.5 (10--19.5)0.73513.5 (6.0--24.0)0.5881Disease manifestations  Fever14 (70)14 (70)1.0000 (0)0.00021  Malaise7 (35)13 (65)0.1131 (10)0.01097  Edema4 (20)8 (40)0.3011 (10)0.19657  WBC (IQR)13.9 (7.7--19.2)11.3 (7.1--20.0)0.6956.0 (3.5--8.1)0.0452  Lactate (IQR)2.0 (0.8--4.4)1.6 (0.8--1.8)0.1691.7 (1.2--1.9)0.2948  Creatinine (IQR)1.05 (0.8--2.0)2.2 (1.4--3.5)0.0101.25 (0.9--2.7)0.0285Source of Infection (%)0.022  Endovascular4 (20)9 (45)  Skin/soft tissue3 (15)8 (40)  GU/GI8 (40)2 (10)  Other2 (10)0 (0)  Unknown primary3 (15)1 (5)Outcomes  Death (all cause) 30 days4 (20)2 (10)0.661  Septic shock2 (10)1 (5)1.000  Acute respiratory distress syndrome0 (0)1 (5)1.000  Acute renal failure7 (35)4 (20)0.480  Persistent bacteremia1 (5)9 (45)0.008*GNB* Gram-negative bacteremia, *SAB S. aureus* bacteremia, *IQR* interquartile range, *BMI* body mass index, *HIV+* human immunodeficiency virus positive, *WBC* white blood cell, *GU* genitourinary, *GI* gastrointestinal

Complement and cytokine levels compared across groups {#Sec11}
-----------------------------------------------------

Complement and cytokine levels were compared across each group (Fig. [1A--E](#Fig1){ref-type="fig"}). The median level of C2 in the GNB group was 39.2 μg/mL and was significantly greater than the SAB and community control groups where the median levels were 32.25 μg/mL and 31.4 μg/mL, respectively (*p* = 0.0360 and *p* = 0.0175). Levels of C2 in the SAB group did not differ significantly from that of either control group (non-infected, hospitalized controls: *p* = 0.4284 and community controls: *p* = 0.4544).Fig. 1**A--E** Complement and cytokine concentrations during bacteremia vary by pathogen. GNB Gram-negative bacteremia, SAB *S. aureus* bacteremia; the asterisk denotes a statistically significant difference. The horizontal lines compare medians across groups

The median level of C4 in the GNB group was 0.334 mg/mL and was significantly greater than in the SAB group where the median level was 0.263 mg/mL (*p* = 0.0398), but was not significantly different from median C4 levels in either the hospitalized control or community control groups (0.293 mg/mL, *p* = 0.3788 and 0.316 mg/mL, *p* = 0.5379, respectively).

The median level of C5 in GNB was 77.0 μg/mL and was greater than median C5 level in SAB, hospitalized controls and community controls where the median levels of C5 were 59.5 μg/mL (*p* = 0.0024), 63.5 μg/mL (*p* = 0.0426), and 58.5 μg/mL (*p* = 0.0042), respectively.

Median level of C9 in the GNB group was 124.5 μg/mL and was significantly greater than the median C9 levels in the hospitalized controls and community controls which were 76 μg/mL (*p* = 0.0477) and 62.5 μg/mL (*p* = 0.0007), respectively. Median level of C9 in the SAB group was 88.0 μg/mL and was also significantly greater in the SAB group as compared to the community controls (*p* = 0.0018).

The median C5a level in the SAB group was 180.3 ng/mL, and was significantly higher than the median C5a levels in the GNB, hospitalized control and community control groups which were 25.25 ng/mL (*p* \< 0.0001), 15.1 ng/mL (*p* \< 0.0001) and 11 ng/mL (*p* \< 0.0001), respectively. The median C5a levels were also significantly higher in the GNB group as compared to the hospitalized controls and community controls (*p* = 0.0477 and *p* = 0.0209, respectively).

Median levels of C1q and C3 did not significantly differ between any of the four groups. Complement levels did not significantly differ by immunosuppressive therapy.

The median IL-10 level in the SAB population was 29.11 pg/mL, which was significantly higher than the median IL-10 level in the GNB group, hospitalized controls, and community controls, which were 11.45 pg/mL (*p* = 0.0045), 10.81 pg/mL (*p* = 0.0185), and 2.26 pg/mL (*p* = 0.0003), respectively. All other cytokine levels were similar among the bacteremic groups and are reported in the supplementary data. Median levels of IL-6, IL-8, IL-1RA, and TNF-α were significantly higher in the GNB group as compared to the community controls (IL-6 22.05 pg/mL vs 2.26 pg/mL, *p* \< 0.0001; IL-8 13.42 pg/mL vs 9.39 pg/mL, *p* = 0.0094; TNF- α 38.57 pg/mL vs 23.72 pg/mL, p \< 0.0001; IL-1RA 68.53 pg/mL vs 34.37 pg/mL, *p* = 0.0042) ([Supplemental Figure](#Sec14){ref-type="sec"}). Median levels of IL-6, IL-8 and TNF- α in the SAB group were 39.04 pg/mL, 34.20 pg/mL, and 45.47 pg/mL, respectively, and were significantly higher than the median levels in the community control group (*p* = 0.004, *p* = 0.0013 and *p* = 0.0004, respectively).

Association of complement and cytokine levels with outcomes {#Sec12}
-----------------------------------------------------------

In patients with GNB, low levels of C4 (Figs. [2A](#Fig2){ref-type="fig"} and [3A](#Fig3){ref-type="fig"}) and C3 (Figs. [2B](#Fig2){ref-type="fig"} and [3B](#Fig3){ref-type="fig"}) were associated with 30 day mortality and septic shock while decreased C9 (Fig. [3C](#Fig3){ref-type="fig"}) was associated with septic shock alone. C3 levels were similar among SAB patients with or without acute renal failure, but C3 levels were significantly lower in patients with GNB with acute renal failure compared to those without renal failure. Patients with GNB who experienced desirable outcomes had elevated C3 levels. None of the complement molecules were associated with the development of sepsis, septic shock, or 30-day mortality in patients with SAB (Fig. [4](#Fig4){ref-type="fig"}).Fig. 2**A--C** Biomarkers of mortality in bacteremic patients. GNB Gram-negative bacteremia, SAB *S. aureus* bacteremia; the asterisk denotes statistically significant difference. The horizontal lines compare medians across groupsFig. 3**A--C** Biomarkers of septic shock in patients with bloodstream infections. GNB Gram-negative bacteremia, SAB *S. aureus* bacteremia; the asterisk denotes a statistically significant difference. The horizontal lines compare medians across groupsFig. 4High C3 is associated with a desirable outcome in GNB. GNB Gram-negative bacteremia, SAB *S. aureus* bacteremai, ARF acute renal failure; the asterisk denotes statistically significant difference. The horizontal lines compare medians across groups. Desirable outcome is defined as the absence of acute renal failure, septic shock, or death within 30 days of first positive blood culture

Levels of IL-10 (Fig. [2C](#Fig2){ref-type="fig"}) were significantly higher in SAB patients who experienced mortality at 30-days as compared to those who survived. None of the complement or cytokine levels were associated with persistent bacteremia in the GNB or SAB groups.

Discussion {#Sec13}
==========

In this exploratory study our findings suggest that complement profiles among patients with SAB differ from patients with GNB. During a bacterial infection, the complement cascade may be activated through either the classical, alternative, or mannose-binding lectin (MBL) pathway. Upon initiation of the pathway through engaging C1, C3, or MBL, a serine proteolytic cascade leads to cleavage of complement proteins into smaller active compounds \[[@CR4]\], ultimately converging on C3 activation and downstream target deposition of the membrane attack complex and release of anaphylatoxins C3a and C5a \[[@CR15]\]. These anaphylatoxins have garnered the most attention in animal models and observational human studies of sepsis, with several studies reporting increased levels of C3a and C5a in sepsis and shock \[[@CR16]--[@CR19]\]. In the present study, C5a levels were significantly higher in the bacteremic groups as compared to the non-infected and community control groups, likely reflecting the greater degree of complement cascade activation in bacteremic patients, with ongoing cleavage of C5 in the terminal pathway to produce C5a and C5b \[[@CR20]\]. Interestingly, C5a levels were significantly higher in the SAB cohort as compared to GNB, indicating that there are marked differences in the way *S. aureus* and Gram-negative pathogens stimulate the innate immune system. The high levels of C5a in the SAB group may reflect an underlying immune evasion mechanism that enables *S. aureus* to establish a chronic infection. A previously characterized protein called chemotaxis inhibitory protein of *S. aureus* (CHIPS) is a molecule unique to *S. aureus* that competes with C5a to bind to the C5a receptor (C5aR), preventing neutrophil and monocyte chemotaxis and T cell activation \[[@CR21]\]. We postulate that the elevated C5a levels in our SAB cohort may reflect high levels of unbound C5a in the serum due to the competitive binding of CHIPS to the C5aR, and may provide an opportunity for further understanding of how *S. aureus* manipulates the innate immune system.

Notably, there was no association of elevated C5a with septic shock or increased 30-day mortality in any of the patients with either SAB or GNB. This was an unexpected finding as elevated C5a in experimental models of sepsis leads to increased mortality due to neutrophil dysfunction and damage to the vasculature \[[@CR22]\]. It is possible that this association was not detected due to the limitations of sample size. Alternatively, perhaps CHIPS blocking C5aR may prevent the anaphylatoxic effects of C5a that can lead to shock during SAB. Some studies also suggest a protective role for C5a in animal models of SAB \[[@CR23], [@CR24]\]. Larger studies are needed to confirm these findings. Conversely, there is no evidence to support a protective role of C5a during GNB. In fact, the presence of C5a has been directly correlated with the development of shock, multi-organ failure, and death in murine models undergoing cecal ligation and puncture (CLP) \[[@CR25]\]. It may be that our GNB cohort was too small to detect such a difference, or perhaps the effects of C5a are not quite as detrimental in humans as they are in mice. We conclude that the role of C5a in bacteremia is controversial, incompletely understood, and needs further investigation.

Low levels of C3 and C4 were significantly associated with septic shock and with 30-day mortality in patients with GNB in our sample. These findings suggest a protective role of C3 and C4. In murine models of cecal ligation and puncture (CLP), C3 and C4 deficient mice are more likely to experience septic shock, and the absence of C3 is associated with increased mortality in sepsis \[[@CR6]\]. Low C3 has also been associated with mortality in infected humans in a handful of small observational studies \[[@CR26]--[@CR28]\]. To our knowledge, this is the first study to report an association between low C4 levels and mortality during gram-negative bloodstream infection, and further studies are needed to validate this finding. Importantly, C3 and C4 levels were not associated with any adverse outcomes in patients with SAB. Collectively, these observations provide insight into possible differences in immune dysregulation that occur during GNB versus SAB. We submit that low levels of these C3 and C4 are in large part due to LPS mediated overconsumption of these key molecules in GNB, as supported by murine models of C3- and C4-deficient mice challenged with endotoxin \[[@CR29]\]. We conclude that depletion of C3 and C4 may lead to uncontrolled infection, septic shock and subsequently death.

Low levels of C9 were significantly associated with septic shock in our patients with GNB. To our knowledge this association has also not previously been established. C9 is a key component of the membrane attack complex that inserts on GNB outer membrane and leads to bacterial lysis. It is recognized that neonates are deficient in C9 and are highly susceptible to *E. coli* sepsis. Supplementation of C9 to neonatal serum enhances the capacity of neonatal serum to kill *E. coli* \[[@CR30]\]. Hence, the association of low C9 with septic shock in GNB patients is plausible in this regard, with low levels likely reflecting over-consumption of this key complement protein.

Levels of C5 and C9 were significantly higher in GNB as compared to hospitalized, non-infected controls and community controls, and levels of C9 were significantly higher in SAB patients as compared to community controls. These were unexpected results as C5 and C9, members of the terminal complement pathway, were expected to be cleaved and consumed, respectively, during an active infection \[[@CR31]\]. However, a cross-sectional study investigating complement levels in healthy adults recently reported that aging may be associated with enhanced functioning of the alternative and classical pathways, leading to increased levels of the terminal pathway components \[[@CR32]\]. We hypothesize that the aforementioned elevated levels of C5 and C9 in the bacteremic groups may in part be a function of the older age in the GNB and SAB groups (i.e. \> 60 years). Indeed, the median age \> 60 years in our SAB and GNB groups should be recognized as a potential confounder and a possible explanation for the elevated C9 in both SAB and GNB, and C5 in GNB, as compared to community controls.

We found that C3 levels were significantly lower in patients who develop acute kidney injury (AKI) during GNB as compared to those who did not develop AKI. While the role of complement in glomerulonephropathies such as ANCA vasculitis, hemolytic uremic syndrome and anti-glomerular basement membrane syndrome is well characterized \[[@CR33]\], the role of complement in sepsis-related AKI is poorly understood. In porcine models of sepsis, terminal complement complexes (C5b-C9) concentrate in the kidney \[[@CR34]\]. Perhaps lower levels of C3 in patients with GNB are indicative of excessive terminal complement system activation with C5b-9 renal deposition and subsequent AKI. Alternatively, lower levels of C3 may instead reflect renal ischemia during GNB septic shock. Whether C3 is involved in the pathogenesis of AKI during GNB or whether it is simply a harbinger of end-organ damage during sepsis is yet to be determined.

As an important corollary, we found that elevated levels of C3 were associated with a desirable outcome in patients with GNB. Due to the small GNB sample size and the highly variable measurements of C3 within this sample, further studies are needed to validate this finding. However, based on our results, we submit that measurement of C3 in patients with GNB to assist in illness severity stratification may prove to be an informative subject for future studies, eventually providing a platform to begin investigating the role of recombinant C3 as an adjunctive therapy in patients with GNB septic shock.

Patients with SAB had greater levels of IL-10 than patients without SAB (i.e., controls, GNB). This may be because Staphylococcal cell wall peptidoglycan lipopeptides and glycopolymers employ toll-like receptor 2 signaling (TLR2) on antigen-presenting cells to generate increased IL-10 expression \[[@CR35]\]. Notably, within the SAB group, elevated levels of IL-10 were associated with mortality. Our findings validate those by Rose et al. who found that an elevated level of IL-10 is independently associated with mortality in patients with SAB (OR, 1.05; *p* = 0.014) \[[@CR36]\]. IL-10 is an anti-inflammatory cytokine which regulates the pro-inflammatory response during infection by downregulating the expression of proinflammatory cytokines and induces apoptosis of antigen presenting cells and inhibits CD4+ T cell activation. We hypothesize that elevated IL-10 in patients with SAB reflects an overly suppressed inflammatory state, or "immunoparalysis" as suggested by Rose et al. and Chau et al. \[[@CR36], [@CR37]\], whereby the host immune system cannot control the infection. This association was not found in the GNB population. We suspect this association of elevated IL-10 and mortality is unique to *S. aureus* and alludes to a unique mechanism employed by *S. aureus* to exploit the host immune system. Measuring IL-10 levels in patients with SAB may assist in identifying patients at increased risk for mortality from their bloodstream infection, and raises the question of whether an IL-10 monoclonal antibody can aide in the treatment of patients with SAB and high IL-10 levels. Lastly, patients with GNB and SAB had greater levels of IL-6, IL-8 and TNF-α than community controls. All three of these pro-inflammatory cytokines are critical components of acute phase response to infection \[[@CR38]\], and have been reported to be elevated in bacteremic individuals \[[@CR39]--[@CR41]\].

As anticipated, complement levels in bacteremic patients did not differ by immunosuppressive therapy use. Medications targeting T-cells (i.e., calcineurin inhibitors, Belatacept), B-cells (i.e., Rituximab, Atacicept), and specific cytokine inhibitors (i.e., IL-2 receptor antagonist Basiliximab, IL-6 receptor antagonist Tocilizumab), do not appear to affect the complement cascade \[[@CR42]\]. Similarly, despite their wide range of effects on the immune system, corticosteroids do not appear to affect the complement cascade \[[@CR42]\]. Hence, use of immunosuppressive agents in 40% of the bacteremic population would be unlikely to affect the complement concentration.

The power of our study is limited owing to the small sample size, the heterogenous GNB group that includes six different pathogenic organisms, and the single time point of collection of biological specimens. While all biological specimens were collected within 72 hours of initial positive blood culture, it is possible that there is variability of complement and cytokine concentrations within this initial 72 hour time interval, and that timing of antimicrobial therapy may influence concentrations. Another limitation is that, given the substantial number of markers we examined, the use of *p* \< 0.05 for statistical significance can be called into question. However, as this is an exploratory analysis, this limitation is of less concern than would be the case for an inferential study.

Our results indicate that the immunologic biosignature of SAB is fundamentally distinct from that of GNB. Additionally, our findings add to the limited data regarding complement levels and the corresponding immune dysregulation in sepsis. We hypothesize that measurement of C3, C4 and C9 levels at the time of admission in patients with GNB may help to risk stratify patients who are at increased risk for septic shock, and measurement of C3 and C4 specifically may help to stratify those GNB patients at increased risk for mortality. Similarly, we suspect that measurement of IL-10 levels in SAB may stratify those at increased risk for mortality. Finally, we postulate that our observations that normal to elevated C3 levels in patients correlate with a desirable outcome could provide the rational for an interventional trial of C3 supplementation in C3 deplete patients with GNB.

Electronic supplementary material
=================================

 {#Sec14}

ESM 1(DOCX 674 kb).

**Publisher's note**

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

The authors would like to thank Alida Coppi for help with the cytokine data and reading the manuscript.

This work was funded by a grant from Regeneron to Dr. Vance G. Fowler Jr. Dr. Fowler was supported by NIH grant K24-AI093969. Dr. Eichenberger was supported by NIH grant T32-AI100851.

Dr. Vance Fowler reports personal fees from Novartis, Novadigm, Durata, Debiopharm, Genentech, Achaogen, Affinium, Medicines Co., Cerexa, Tetraphase, Trius, MedImmune, Bayer, Theravance, Basilea, Affinergy, Janssen, xBiotech, Contrafect, Regeneron, Basilea, Destiny, and Amphliphi Biosciences. Integrated Biotherapeutics; C3J, grants from NIH, MedImmune, Cerexa/Forest/Actavis/Allergan, Pfizer, Advanced Liquid Logics, Theravance, Novartis, and Cubist/Merck; Medical Biosurfaces; Locus; Affinergy; Contrafect; Karius; Genentech, Regeneron, Basilea, and Janssen, from Green Cross, Cubist, Cerexa, Durata, Theravance; Debiopharm, Royalties from UpToDate; and a patent sepsis diagnostics pending.

The study was approved by the Duke Institutional Review Board.

Written informed consent was obtained from all participants or their legally authorized representatives prior to their enrollment in this study
